Taxol is used in chemotherapy regimens against breast and ovarian cancer. Treatment of tumor model cell lines with taxol induces apoptosis, but exact mechanism is not sufficiently understood. Our results demonstrate that in response to taxol, various cell types differentially utilize distinct apoptotic pathways. Using MCF7 breast carcinoma cells transfected with caspase-3 gene, we showed that taxol-induced apoptosis occurred in the absence of caspase-3 and caspase-9 activation. Similar results were obtained with ovarian SKOV3 carcinoma cells, expressing high level of endogenous caspase-3. In contrast, staurosporine-induced apoptosis in these cells was accompanied by proteolytic cleavage of pro-caspase-3 and induction of caspase-3 enzymatic activity. The effect of taxol appears to be cell type-specific, since taxolinduced apoptosis in leukemia U937 cells involved caspase-3 activation step. We conclude that a unique caspase-3 and caspase-9 independent pathway is elicited by taxol to induce apoptosis in human ovarian and breast cancinoma cells.
Introduction
Taxol (paclitaxel), a potent drug of natural origin isolated from the bark of the Pacific yew Taxus brevifolia, 1 is currently used in the treatment of breast and ovarian cancer. The efficacy of treating a variety of other human malignancies with taxol is currently being evaluated in clinical trials. 2 Initial studies on the mechanism of action of taxol have demonstrated that microtubules are the main targets of action. Taxol promotes microtubule (MT) assembly, inhibits MT depolymerization, and changes microtubule dynamics. These effects result in disruption of the normal reorganization of microtubule network required for mitosis and cell proliferation. Taxol-treated cells are unable to proceed normally through the cell cycle, and are arrested in the G2/M phase. 3 During the last years, additional activities of taxol have been described including the effect on cell signaling and gene expression, activation of mitogenactivated protein kinases (MAPKs), Raf-1 and protein tyrosine kinases (PTK). 4, 6 Treatment of a variety of tumor cells with taxol in vivo and in vitro induces apoptosis, 7 and it has been shown that the expression of apoptosis-related proteins like bcl-2, bad, bcl-X, p21-waf, and tumor necrosis factor 1 (TNF-a), are regulated by taxol. 8 ± 12 However, the exact mechanism by which taxol induces apoptosis is unknown.
Apoptotic signaling and execution, involves the activation of caspase proteinases that in turn, cleave key protein substrates (reviewed in 13 ). On the basis of primary structure, procaspases can be divided into two classes: caspases -2, -8, -9 and 10 which contain long aminoterminal prodomains and act as initiators, and caspase-3, -6 and-7 with short prodomains that act as effectors.
Caspase-3, the most commonly activated caspase, can stimulate the DNA fragmentation factor, caspase-activated DNase (CAD), by cleaving and inactivating the inhibitor of CAD (ICAD). 14, 15 However, apoptosis can also occur without DNA fragmentation. 16, 17 Studies in vitro have suggested that both cytosolic protein Apaf1 and cytochrome c participate in the caspase-9-dependent activation of caspase-3 to initiate general apoptosis; formation of caspase-9/Apaf-1 complex 18 ± 21 leads to the processing of pro-caspase-3 and to the activation of caspases-3. 21 However, as judged by caspase-3 and caspase-9 dependency, the results from Casp9 and Casp3 knockout mice lead to the suggestion of four different apoptotic pathways: caspase-9/caspase-3 dependent/independent apoptosis, apoptosis solely dependent on caspase-9 or entirely dependent on caspase-3. 22 The fact that several apoptotic pathways coexist in mammalian cells suggests that it is important to reveal the mechanism of apoptosis induced by drugs in cancer therapy. Recent studies demonstrated that HL-60 leukemia cell lines 23 and non-small cell lung cancer cell lines 24 are susceptible to taxol-induced apoptosis and that caspase-3 is activated by taxol in these cells. Since breast and ovarian cancer are the main targets of taxol chemotherapy, we decided to study the mechanism of caspase activation following taxol treatment of these types of cancer.
In this study, we investigated the apoptotic pathways utilized by human ovarian and breast cancer cell lines following exposure to taxol. SKOV3 ovarian carcinoma cells represent a model system for ovarian cancer, and MCF7 breast carcinoma cells serve as a model system for breast cancer. Both cell lines are sensitive to taxol. As human MCF7 cells lack functional caspase-3 owing to the 47 bp deletion within the caspase-3 gene, 25, 26 we studied whether taxol induced apoptosis of MCF7 cells transfected with caspase-3 cDNA (MCF7/casp3) will involve the activation of caspase-3.
We assessed caspase-3/-9 activation following taxol treatment of MCF7 cells transfected with caspase-3 cDNA (MCF7/casp3) and SKOV3 cells containing endogenous caspase-3 gene. Our results demonstrate that taxolinduced apoptosis in these cells involves caspase-3 and caspase-9 independent pathways.
Results

Cytotoxic effects in taxol treated SKOV3 cells and MCF cells
Treatment of SKOV3 ovarian carcinoma cells with taxol resulted in a 30% death rate within 48 h (Figure 1 ). Similar results ( Figure 1 ) were obtained with MCF7 cells containing the caspase-3 gene (MCF7/Casp3) or the empty vector (MCF7/Neo). As shown in Figure 2 , taxol treated MCF7 cells displayed morphological alterations typical of adherent cells undergoing apoptosis, becoming rounded, condensed and detached from the dish. Since MCF7 cells undergo apoptosis despite the fact that the caspase-3 protein is not expressed in these cells, we decided to study whether taxol induced apoptosis involves DNA fragmentation in cells expressing endogenous and transfected caspase-3 gene.
Taxol-induced apoptosis in SKOV3 ovarian carcinoma cells resulted in DNA fragmentation without caspase-3 activation Taxol-induced apoptosis is caspase-3-independent R Ofir et al taxol did not induce caspase-3 enzymatic activity in SKOV3 cells whereas incubation with STS resulted in activation of caspase-3 activity. Results from Western blot analysis using anti caspase-3 antibodies, confirmed that the procaspase-3 protein was not processed following treatment with taxol whereas STS induced the appearance of the enzymatically active caspase-3 (large subunit, Figure 4B ). Therefore, although SKOV3 cells contain endogenous caspase-3 gene and express high levels of caspase-3 protein, taxol treatment of SKOV3 cells leads to DNA fragmentation without activation of the enzymatic activity of caspase-3.
Taxol does not induce caspase-3 activation and DNA ladder in MCF7/Casp3 cells Figure 5B ). As was shown previously, treatment of MCF7 cells with STS induced apoptosis without DNA fragmentation. 25 Identical results were obtained using several single cell MCF7/Casp3 clones and a mixed MCF7/ Casp3 cell population. Moreover, incubation of ovarian carcinoma cells derived from ascitic fluids and grown in primary culture did not result in the activation of caspase-3 ( Figure 6 ).
Effect of taxol on caspase-3 activity is cell type specific
The results presented so far with the two cell lines originated from epithelial tissues and primary ovarian carcinoma cells Taxol-induced apoptosis is caspase-3-independent R Ofir et al indicated that taxol-induced apoptosis, with or without DNA fragmentation, does not involve caspase-3 activation. At this point, we wished to verify whether taxol could lead to caspase-3 activation in a different cell type. An assay of caspase-3 enzymatic activity in U937 leukemic cells showed that taxol treatment induced DEVDase activity that can be inhibited by the specific caspase-3 inhibitor Ac-DEVD-CHO ( Figure 7A ). Processing of pro-caspase-3 in U937 cells following taxol treatment was confirmed by Western blotting (insert in Figure 7B ). Results of caspase-3 activity summarized in Figure 7B , indicate that despite high level of expression of pro-caspase-3 protein in SKOV3 cells, caspase-3 activity following staurosporine treatment is low as compared to U937 and MCF7/Casp3 cells.
Caspase-9 is not processed in taxol-treated SKOV3 and MCF7 cells
Activation of caspase-9/Apaf1/cytochrome c apoptosome in the non-death receptor-regulated apoptotic pathway leads, in turn, to caspase-3 activation. Given that caspase-3 activity is not induced in taxol-treated SKOV3 cells, we reasoned that it might reflect either that caspase-9 is not activated or that an apoptosome is not formed. During activation, Apaf-1-mediated processing of pro-caspase-9 occurs at Asp 315 to generate the mature caspase-9 molecule. 21 To verify whether active caspase-9 is formed following taxol treatment, the processing of caspase-9 was examined in taxol-treated SKOV3 cells. Taxol did not induce pro-caspase-9 processing (Figure 8 , lanes 2 ± 4), whereas STS led to procaspase-9 processing and appearance of the active caspase-9 that can be detected as a 35 kD band (Figure 8, lane 7) . Taxol did not induce caspase-9 processing in MCF7 cell as well (Figure 8, lane 9) .
Discussion
Taxol induces apoptosis in a variety of cell types but the exact mechanism of its apoptosis-inducing activity is not sufficiently clear. The results of our study demonstrate a unique mode of Cell Death and Differentiation Taxol-induced apoptosis is caspase-3-independent R Ofir et al action of taxol in human breast and ovarian carcinoma cells, which does not require caspase-3 activation. Human MCF7 breast carcinoma cell line represents an excellent model for this study since, due to 47 bp deletion within exon 3 of the caspase-3 gene, these cells do not express functional caspase-3 protein. 26 This may explain why taxol induces apoptosis in MCF7 cells without DNA fragmentation ( Figures  2 and 3, lanes 6 and 7) . The lack of caspase-3 cleavage was not the result of non-functional enzyme in SKOV3 and MCF7 cells, because staurosporine induced caspase-3 activity in these cells. Noteworthy, the caspase-3 activity in SKOV3 cells was only 35 ± 40% of that of U937 and MCF7/Casp3 cells despite the high levels of caspase-3 protein in SKOV3 cells ( Figure 7B ).
Our results suggest that the effect of taxol on caspase-3 activation is cell type specific because the induction of caspase-3 enzymatic activity was observed in taxoltreated human leukemia U937 cells ( Figure 7B ). Activation of caspase-3 was also observed during taxol-induced apoptosis in other cell lines including human acute myelocytic leukemia HL-60 cells, 23, 27 human lung cancer cell lines 24 and human gastric cell lines. 28, 29 These and other results support the notion that different apoptotic pathways may be used by the same apoptotic stimulus in various cells.
Treatment of MCF7 and SKOV3 cells with taxol did not lead to caspase-9 activation (Figure 8, lanes 2 ± 4 and 9) . In contrast, staurosporine induced cleavage of procaspase-9 in SKOV3 cells (Figure 8, lane 7) . These results suggest that, although pro-caspase-9 can be processed in SKOV3 cells, it is not activated following taxol treatment. It appears that taxol effect on caspase-9 activation is also cell type specific. For instance, taxol-induced caspase-9 cleavage was shown in human leukemic HL-60 cell line. 27 The pathway utilized by taxol in SKOV3 and MCF7 cells is presently unknown. It may include other caspases, such as caspases-8, -7 or -12. Recently, it has been reported that incubation with taxol leads to caspase-8 activation in human colon cancer cell line, HT29-D4 28, 29 and in lung adenocarcinoma cell line, 30 and it is suggested that this enzyme may be a common mediator of anticancer druginduced apoptosis.
It is also possible that taxol acts via activation of another effector caspase, like caspases-6 or -7, or by an unrelated pathway. The possible involvement of caspase-7 in taxolinduced apoptosis in human esophageal squamous cancer cells and in non-small-cell lung cancer H460 and H520 cell lines has been suggested. 31, 32 The existence of a caspase-independent pathway of programmed cell death has been shown genetically. 33 This pathway depends on apoptosis-inducing factor (AIF), which is localized to mitochondria and released in response to death stimuli. Recently, another calpain has been implicated in promoting caspase-independent apoptosis-like events during platelet activation. 34 It is thus possible that taxol may utilize AIF or calpain while inducing apoptosis in MCF7 and SKOV3 cells. Figure 7 Effect of taxol on caspase-3 activation is cell-type specific. (A) Taxol-induced caspase-3 activity in leukemia U937 cells is inhibited by a specific inhibitor Ac-DEVD-CHO. Cellular extracts prepared from the cells incubated with taxol (1 mM) and from control cells were used for caspase-3 activity assays. Caspase-3 inhibitor Ac-DEVD-CHO (10 nM) was used to demonstrate the specificity of the assay. (B) Comparison of caspase-3 activation in three cell lines following treatment with taxol and STS. Cells were treated with taxol (1 mM, 24 h), and STS (1 mM, 6 h), and caspase-3 activity was measured as described. Insert: Western blot of caspase-3 processing in U937 cells treated with STS (1 mM, 6 h). Lane 1, control untreated and lane 2, STStreated cells Figure 8 Staurosporine, but not taxol, activates caspase-9 in ovarian SKOV3 cells. Immunoblotting with anti-caspase-9 antibody of total cell lysates prepared from the cells incubated with taxol (1 mM, 24 h) and STS (1 mM, 6 h), as described in Materials and Methods
A B
Cell Death and Differentiation
Taxol-induced apoptosis is caspase-3-independent R Ofir et al
In summary, we have shown that taxol utilizes a unique caspase-9 and caspase-3 independent pathway to induce apoptosis in ovarian and breast cancer cells. In addition, our results also demonstrate that the mechanism by which taxol induces apoptosis may be cell type specific, and may be developed with or without DNA laddering. Combination of drugs acting via caspase-3/-9-dependent and -independent pathways may represent a new approach in chemotherapy of cancer.
Materials and Methods
Materials
Taxol was obtained from the National Cancer Institute, dissolved in DMSO and stored at 7708C. Antibodies against the following proteins were purchased commercially: caspases-3, -9 (Pharmingen) and actin (ICN Biomedicals). HRP-conjugated secondary antibodies were from Amersham. All other reagents were purchased from Sigma.
Cell cultures
Human ovarian SKOV3 and breast MCF7 carcinoma cell lines were grown in MEM-alpha medium and Dulbecco's modified Eagle's medium, respectively, supplemented with 10% fetal calf serum, 1% L-glutamine and 1% penicillin/streptomycin. Human U937 leukemia cells were grown in RPMI 1640 medium with the same supplements. All products for cell cultures were purchased from GIBCO BRL. For primary cultures, tumor cells were isolated from ascitic fluid of ovarian cancer patients, and grown in MEM-alpha medium supplemented with autologous ascitic fluid (30%). Passages 2 ± 3 were used in the experiments.
Transfections
The MCF7/neo and MCF/Casp3 cell lines were generated by transfecting MCF7 cells with 20 mg pCDNA3.0 and pCDNA3.0/ Caspase3 (pCDNA3/ Caspase 3 was kindly provided by Dr. V Dixit, Melbourne, Australia, pcDNA3 was purchased from Invitrogen) using calcium phosphate. Forty-eight hours post-transfection, cells were trypsinized and re-seeded in medium containing 800 mg/ml G418. After 4 weeks selection in the G418 medium, single cell clones were selected by limiting dilution. Mixed populations of transfected cells as well as clonal cell lines were used in experiments.
Western blotting
Cells were lysed with boiling lysis buffer (10 mM Tris-HCl, pH 7.4, 1% SDS) and stored at 7208C or used immediately. Protein concentration was determined by BioRad Protein Detection Reagent (BioRad).
Equal amounts of protein were separated on 10% SDSpolyacrylamide gels, and following blocking, probed with relevant primary and HRP-conjugated secondary antibody. Membranes were processed using an enhanced chemiluminescence kit (ECL, Amersham), and visualized on Kodak BioMax MR-1 films.
Cytotoxicity assay
Cytotoxic activity measured by neutral red assay and the intensity of the color was read in ELISA reader at 570 nm. All samples were run in five repeats. Statistical evaluation was carried out using factorial analysis (ANOVA), and Student's t-test. Values of P50.05 were considered statistically significant.
DNA fragmentation assay
Cells were incubated with appropriate concentrations of taxol for 24 ± 72 h, then lysed in a lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM EDTA and 0.2% Triton X-100), and dissolved in TE buffer. DNA content was determined by spectrophotometry. Samples (10 ± 20 mg DNA) were analyzed in 1% agarose gel in TBE buffer (45 mM Trisborate, 1 mM EDTA, pH 8.0) for 3 h at 110 mV. Ethidium bromide was added to the gels (0.5 g/ml) and running buffer (0.1 mg/ml). DNA fragments were visualized using ImageMaster VDS and photographed with FUJIFILM Thermal Imaging System FTI-500.
Caspase-3 activity assay
The assay was performed with the Caspase-3 Assay Kit containing also the inhibitor Ac-DEVD-CHO (Calbiochem). Briefly, the reaction mixture contained 10 ml of supernatant, 80 ml of assay buffer and 10 ml of colorimetric substrate (Ac-DEVD-pNA). Upon cleavage by caspase-3, pNA produces a yellow color that can be measured at 405 nm. When required, extracts were pre-incubated with caspase-3 inhibitor Ac-DEVD-CHO (final concentration of 10 nM) for 10 min before the addition of the colorimetric substrate. Each experiment was repeated 4 ± 6 times. The differences between the control and taxol-treated groups were considered statistically significant at P50.05. In the text, representative experiments are shown.
